The carbon anode, used in aluminum electrolysis (Hall-Héroult process), is over-consumed by air oxidation and carboxy-reaction (with CO 2 ). Several anode features may affect this over-consumption, such as impurity content, graphitization level and anode porosity features (e.g., porosity volume fraction or pore size distribution). The two first parameters are basically related to the quality of raw materials and coke calcination conditions. Anode porosity is, however, greatly affected by anode manufacturing conditions, and is possible to be modified, to some extent, by adjusting the anode recipe and the processing parameters. This work aims to investigate the effect of anode porosity on its air reactivity. Baked anode samples were prepared in laboratory scale and then crushed into powder form (−4760 + 4000 µm). The recipe for anode preparation was similar to a typical industrial recipe, except that in the lab scale no butt particles were used in the recipe. Anode particles were then gasified at six different conversion levels (0, 5, 15, 25, 35 and 50 wt %) under air at 525 • C. The porosity was characterized in several pore size ranges, measured by nitrogen adsorption and mercury intrusion (0.0014-0.020, 0.002-0.025, 0.025-0.100, 0.1-40.0 and superior at 40 µm). The volume variation of each pore range, as a function of carbon conversion, was assessed and used to determine the size of the most active pores for air oxidation. The most active pore size was found to be the pores inferior at 40 µm before 15 wt % of gasification and pores superior at 40 µm between 15 and 50 wt % of carbon conversion. Limitation of pore size range could be used as an additional guideline, along with other targets such as high homogeneity and density, to set the optimum anode manufacturing parameters.
Introduction
Aluminum is produced by the reduction of alumina (Al 2 O 3 ) in an electrolysis cell at 960 • C, according to the Hall-Héroult process. The cell contains carbon anodes, carbon cathode and molten cryolite as electrolyte. The carbon anode is composed of calcined petroleum coke, used anodes (butts), rejected green and baked anodes, and coal tar pitch. In the electrolysis cell, the anode top is exposed to the ambient air (despite a cover of crushed bath and alumina) and the temperature ranges between 400 and 600 • C [1] . In this range, the oxygen in the air can react with the carbon anode, according to the Equations (1) and (2) . Both reactions are undesirable since the carbon anode is consumed without
Materials and Methods

Materials
Laboratory-scale prebaked anodes were prepared following a typical recipe used in the anode manufacturing process. The raw materials used in this work were provided by Deschambault aluminum smelting plant (Alcoa, Montreal, QC, Canada). The anode recipe comprised of calcined petroleum coke (86.1 wt %) and coal tar pitch (13.9 wt %). In this lab recipe, butts were not added ( Table 1) . Fractions of the coke particle are detailed in Table 2 . The coke particles were preheated at 185 • C for 90 min and mixed with the pitch. The blend was mixed at the same temperature for 10 min and then pressed at 150 • C for 3 min by applying a uniaxial pressure of 70 MPa [35] [36] [37] . This Metals 2017, 7, 101 3 of 14 sample, called a green anode, had a diameter of 50 mm and an approximate height of 100 mm. Prior to baking in a muffle furnace, the green samples were placed in an Inconel ® box and covered with coke particles in order to protect them against air oxidation. The anode sample was heated from room temperature to 150 • C at a heating rate of 60 • C/h, then from 150 to 650 • C at a heating rate of 20 • C/h, and finally from 650 to 1100 • C at a heating rate of 50 • C/h. This was followed by a soaking time of 20 h at 1100 • C. At the end of this cycle, the furnace was switched off and allowed to cool to room temperature. The anode samples were thereafter crushed using jaw and roll crushers and sieved through two different USA standard sieve trays, which were chosen in order to get a narrow particle size range of 4000 to 4760 µm (−4 + 5 US Mesh). The particle size range was chosen to have a representative sampling of the anode; i.e., the largest fraction of particles in the typical industrial recipe was removed from the laboratory recipe since the size of the lab-scale anode was too small to contain particles larger than 4 mm. The anode particle properties are detailed in Table 3 . 
Air Reactivity Tests
Two air reactivity tests were performed: a Thermo-Gravimetric Analyzer (Netzsch, Selb, Germany) with an analytical balance (TGA) and a Fixed Bed Reactor (FBR). TGA was used to estimate the apparent reaction rate, r (Equation (3)) of the anode particles by measuring the sample weight loss for a defined time interval (0-7 h) at 525 • C, according to the standard ISO 12989-2. A quartz crucible was used for all thermo-gravimetric (TG) measurements. 50 to 300 mg of anode particles (corresponding to 1 to 3 particles) were gasified under air atmosphere [38, 39] . Five gasification tests were performed and the reaction rate was determined using Equation (3)
where: m(t): instantaneous mass at time t; dm: mass loss in the time interval dt; X: carbon conversion at time t.
Since the quantity of the samples used in TGA was too small for analytical instruments, larger amounts of material were gasified in the FBR for further characterizations. A similar methodology was Metals 2017, 7, 101 4 of 14 used by Chevarin et al. [40, 41] . Between 10 and 40 anode particles (1 to 3 g) were placed in a monolayer (to limit the inter-particular mass transport) in an alumina tray and put in the FBR. The materials were heated under inert atmosphere (N 2 gas) until the target temperature was reached. The sample was gasified under air at a similar temperature as TGA at different reaction times (between 1 and 4 h). After a specific duration of carbon conversion, the furnace was switched off and the anode particles were cooled down under inert atmosphere.
To quantify the dusting during the anode oxidation, the gasified carbon particles were sieved through a USA standard sieve (8 US Mesh, 2380 µm; Fisher Scientific Company LLC, Pittsburgh, PA, USA). Then, the portions of the residues were determined; i.e., the residual body of the gasified anode particles superior to 2380 µm, the dust (broken particles and/and fine particles with a size inferior at 2380 µm), and the mass loss due to the combustion of carbon particles (ISO 12989).
Analytical Instruments
The crystallite size (L C ) and the level of impurities were measured by X-Ray Diffraction (XRD) spectrometer (PW 1800 using the ISO standard 20203, PANalytical, formerly Philips Analytical, Almelo, The Netherlands) and X-Ray Fluorescence (XRF) spectrometer (PANalytical Axios max according to the ASTM D4326-06 standard, PANalytical, Almelo, The Netherlands), respectively. The helium density of the anode particles was measured by a Helium-Pycnometer (AccuPyc II 1340, Micromeritics, Norcross, GA, USA). Each sample of about 50 g was weighed by an analytical balance (MS204S, Mettler Toledo, Columbus, OH, USA) and put in the 100 cm 3 stainless steel cell of the He-Pycnometer. The helium molecules can penetrate into the submicron pores ranging down to 0.3 nm [42] . Consequently, it is possible to measure the volume of the material excluding the pore volume.
The specific surface area, pore volume and pore size distribution of anode particles were measured by two different techniques [43] : -Between 0.0014 and 0.100 µm of pore size, a gas adsorption analyzer (Tristar II 3020, Micromeritics, Norcross, GA, USA) with the Density Functional Theory (DFT) equation and the nitrogen adsorptive gas was used; -For the pores superior to 0.1 µm to about 1000 µm (ISO 15901-1), a mercury porosimeter (Auto Pore IV, Micromeritics, Norcross, GA, USA) was used.
Results
Thermo-Gravimetric (TG) Analysis
To estimate the air reactivity, the anode particles were gasified in the TG instrument at 525 • C, under air atmosphere. The apparent reaction rate of anode particles as a function of carbon conversion is presented in Figure 1 . The rate of reaction increased gradually between 0 and 70 wt % of gasification and decreased between 70 and 80 wt %. This trend of apparent reaction rate exhibiting a maximum has often been remarked in carbon consumption studies in the literature [32, [44] [45] [46] [47] . Bhatia and Perlmutter [46] and Ballal and Zygouraki [47] explained the maximum rate with the combination of two opposite effects: the augmentation of the reactive surface with pore growth and pore accessibility, and the disappearance of this surface area with pore coalescence and consumption of carbon material. 
Fixed Bed Reactor Gasification
To obtain a large amount of gasified materials, a Fixed Bed Reactor (FBR) was used. After a specific reaction time, the anode particles were sieved to quantify the portions of residue, dust and mass loss in the form of CO2 and CO. Figure 2 presents these three quantities for the anode particles gasified during 1, 2, 2.5, 3 and 4 h under air at 525 °C. Although the mass of the residue decreases with increasing reaction time, the mass of dust as well as the mass loss in the form of gas (under the form of CO molecules) was increased. Figure 2 reveals the importance of carbon loss in the form of gas compared to the loss due to dusting. In consequence, considering the type of reactor and that the dust could react with the reactive gas, the oxidation of carbon anode by air provides preferentially a mass loss in the form of gas, from the residue instead of dusting phenomenon.
After sieving the gasified material in FBR, some analyses were performed on the residues to characterize the attacked material, to reveal the parameter controlling the reactivity, and to understand the augmentation of the reaction rate. To reveal the evolution of anode porosity as a function of carbon conversion, a structural analysis is required. However, as reported previously, the TG instrument allows the gasifying of only a small quantity of material. Thus, a second reactor is necessary to have enough materials for characterization.
To obtain a large amount of gasified materials, a Fixed Bed Reactor (FBR) was used. After a specific reaction time, the anode particles were sieved to quantify the portions of residue, dust and mass loss in the form of CO 2 and CO. Figure 2 presents these three quantities for the anode particles gasified during 1, 2, 2.5, 3 and 4 h under air at 525 • C. Although the mass of the residue decreases with increasing reaction time, the mass of dust as well as the mass loss in the form of gas (under the form of CO molecules) was increased. Figure 2 reveals the importance of carbon loss in the form of gas compared to the loss due to dusting. In consequence, considering the type of reactor and that the dust could react with the reactive gas, the oxidation of carbon anode by air provides preferentially a mass loss in the form of gas, from the residue instead of dusting phenomenon. 
After sieving the gasified material in FBR, some analyses were performed on the residues to characterize the attacked material, to reveal the parameter controlling the reactivity, and to understand the augmentation of the reaction rate. After sieving the gasified material in FBR, some analyses were performed on the residues to characterize the attacked material, to reveal the parameter controlling the reactivity, and to understand the augmentation of the reaction rate.
Density Evolution during Gasification
The helium density can be measured by He-pycnometer for semi-graphitic materials. Figure 3 presents the He-density evolution of the gasified anode particles, i.e., the residues (between 0 and 50 wt %) under air at 525 • C in FBR. An augmentation of the helium density with an increase of carbon conversion from 0 to 35 wt % and a plateau between 35 and 50 wt % could be observed. Tran et al. [42] has shown that the gasification of anode particles with a size ranging between 180 and 212 µm shows an increase of helium density from 0 to 10 wt % and a plateau between 10 and 70 wt %. This discrepancy with the present study could be explained by the difference in the initial particle size (for the small particles where the closed pores were probably opened by size reduction) and raw materials. When the initial particle size is smaller, a large fraction of closed pores are opened at early stages of gasification, while it is delayed for the larger particles. Thus, a constant of helium density is achieved faster for smaller particles. 
The helium density can be measured by He-pycnometer for semi-graphitic materials. Figure 3 presents the He-density evolution of the gasified anode particles, i.e. the residues (between 0 and 50 wt %) under air at 525 °C in FBR. An augmentation of the helium density with an increase of carbon conversion from 0 to 35 wt % and a plateau between 35 and 50 wt % could be observed. Tran et al. [42] has shown that the gasification of anode particles with a size ranging between 180 and 212 μm shows an increase of helium density from 0 to 10 wt % and a plateau between 10 and 70 wt %. This discrepancy with the present study could be explained by the difference in the initial particle size (for the small particles where the closed pores were probably opened by size reduction) and raw materials. When the initial particle size is smaller, a large fraction of closed pores are opened at early stages of gasification, while it is delayed for the larger particles. Thus, a constant of helium density is achieved faster for smaller particles. Figure 1 presents a quasi-linear increase of the reaction rate between 0 and 70 wt % conversion. Compared to Figure 3 , no correlation is found between helium density and reaction rate. Another structural parameter that was considered is the change of specific surface area with respect to pore size distribution. Figure 4 presents the pore volume distributions measured by liquid nitrogen using the DFT model (Figure 4a ) and by mercury intrusion (Figure 4b ) as a function of the pore size for anode particles gasified under air at 525 °C and at gasification levels of 0, 5, 15, 25, 35 and 50 wt %. As can be seen in Figure 4a , it is possible to distinguish three different pore size ranges: 0.0014-0.0020, 0.002-0.025 and 0.025-0.100 μm. The mercury analysis (Figure 4b ) revealed two other pore size ranges: 0.1-40.0 μm and superior to 40 μm. The pore size limit of 40 μm could be denoted as the Critical Pore Size (CPS) because the mercury infiltration is not able to distinguish the large pores in the particles and the pores between the particles [48] . After the determination of the experimental pore size ranges, it is possible to establish a relationship between the specific surface area in each pore size with the evolution of apparent reaction rate. Figure 3 , no correlation is found between helium density and reaction rate. Another structural parameter that was considered is the change of specific surface area with respect to pore size distribution. Figure 4 presents the pore volume distributions measured by liquid nitrogen using the DFT model (Figure 4a ) and by mercury intrusion (Figure 4b ) as a function of the pore size for anode particles gasified under air at 525 • C and at gasification levels of 0, 5, 15, 25, 35 and 50 wt %. As can be seen in Figure 4a , it is possible to distinguish three different pore size ranges: 0.0014-0.0020, 0.002-0.025 and 0.025-0.100 µm. The mercury analysis (Figure 4b ) revealed two other pore size ranges: 0.1-40.0 µm and superior to 40 µm. The pore size limit of 40 µm could be denoted as the Critical Pore Size (CPS) because the mercury infiltration is not able to distinguish the large pores in the particles and the pores between the particles [48] . After the determination of the experimental pore size ranges, it is possible to establish a relationship between the specific surface area in each pore size with the evolution of apparent reaction rate. 
Pore Size and Volume Distribution
Specific Surface Area
According to the literature, carbon reactivity could be controlled by the level of impurities [2, 41, 49] and by specific surface area [43, 50] . Based on the Density Functional Theory model (DFT) for the gas adsorption and with the assumption that the pores are cylindrical for the mercury analysis, it is possible to obtain the specific surface area as a function of pore size distribution. This is shown in Figure 5 for anode particles, gasified at five different levels, measured with nitrogen adsorption (Figure 5a ) and mercury infiltration (Figure 5b ). 
According to the literature, carbon reactivity could be controlled by the level of impurities [2, 41, 49] and by specific surface area [43, 50] . Based on the Density Functional Theory model (DFT) for the gas adsorption and with the assumption that the pores are cylindrical for the mercury analysis, it is possible to obtain the specific surface area as a function of pore size distribution. This is shown in Figure 5 for anode particles, gasified at five different levels, measured with nitrogen adsorption (Figure 5a ) and mercury infiltration (Figure 5b ). To reveal a possible relationship between the surface area and the augmentation of the apparent reaction rate (Figure 1 ), Figure 6 shows the cumulative specific surface area for each pore size range for the six gasification percentages. The specific surface area of the three smaller pore size ranges (0.0014-0.002, 0.002-0.025 and 0.025-0.100 μm) presents a similar trend; an increase of the specific surface area followed by a decrease as a function of carbon conversion. The two larger pore sizes (0.1-40.0 and superior at 40 μm) indicate a slight augmentation of the surface area as the reaction progresses. Thus, a possible correlation could be proposed between the continuous increase of the surface areas in these two large pore ranges and the quasi-linear rise of the apparent reaction rate (Figure 1) . With the objective of comparing the importance of each pore size, some calculations were performed to evaluate the carbon mass consumption in each pore size. To reveal a possible relationship between the surface area and the augmentation of the apparent reaction rate (Figure 1 ), Figure 6 shows the cumulative specific surface area for each pore size range for the six gasification percentages. The specific surface area of the three smaller pore size ranges (0.0014-0.002, 0.002-0.025 and 0.025-0.100 µm) presents a similar trend; an increase of the specific surface area followed by a decrease as a function of carbon conversion. The two larger pore sizes (0.1-40.0 and superior at 40 µm) indicate a slight augmentation of the surface area as the reaction progresses. Thus, a possible correlation could be proposed between the continuous increase of the surface areas in these two large pore ranges and the quasi-linear rise of the apparent reaction rate (Figure 1) . With the objective of comparing the importance of each pore size, some calculations were performed to evaluate the carbon mass consumption in each pore size. 
Pore Volumes
The variation in cumulative pore volumes versus the carbon conversion for six gasification levels under air at 525 °C is shown in Figure 7 (based on Figure 4 ). Table 4 
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Active Pore Size
In order to reveal the contribution of each pore size in gasified anode, overall consumption is divided to two sub-classes, i.e., internal and external gasifications. Internal gasification is associated with consumption of material inside pores smaller than 40 µm whereas external gasification is attributed to carbon consumption in pores larger 40 µm. Then, the mass of the consumed carbon in each pore within a given size interval and at each gasification interval was evaluated. The detailed calculations were given by Chevarin et al. [40] . Figure 8 illustrates the portions of external and internal contributions for five conversion ranges: 0-5, 5-15, 15-25, 25-35 and 35-50 wt %. Table 5 indicates the carbon conversion, carbon amount, contribution for the pore size inferior and superior at 40 µm. Between 0 and 15 wt % conversion, the internal contribution (reaction in the pores smaller than 40 µm) controls the total gasification of anode, representing between 80% and 98% of the total conversion. After 15 wt % of gasification, an inversion of the contribution type is observed. External contribution (reaction in the pores larger than 40 µm) preferentially dominates the anode consumption, representing between 55 and 75 wt % of the total gasification. address this issue properly. For instance, the critical pore size for CO2 reactivity was found to be superior at 40 μm [40] , which is quite different from that for air reactivity. In addition, the electrochemical reaction of cryolite with anode and its penetration into the anode pores at the carbon/cryolite interface could, to a great extent, be affected by bath surface tension and anode pore size distribution. From 0 to 15 wt % gasification, pores smaller than 40 µm are enlarged (average pore size is about 10 µm). At 15 wt %, pores with a size close to 40 µm (average pore size shifts to 20 µm) continue to grow and exceed the upper size limit. These pores enlarge and are considered as external pores. Thus, the contribution of these new large pores is added to the contribution of the initial large pores and increases the portion of the external contribution. The high reactivity of large pores (0.1-40.0 µm) could be explained by an easier mass transport within these pores combined with a relatively large specific surface area. The contribution of smaller pores, although exhibiting large specific surface area, is thus lower due to the mass transport limitations.
In other words, the active pores during carbon anode gasification under air are the pores with a size inferior to 40 µm and, more specifically, the size ranging between 0.1 and 40 µm, because the volume variation of pores inferior to 0.1 µm is very small (0.002 cm 3 /g·µm) versus 0.1 cm 3 /g·µm for the range 0.1-40 µm). At the early steps of gasification (from 0 to 15 wt %), the reaction essentially takes place in the small pores (0.1-40 µm). This step enlarges the pores and the pores superior to 40 µm become the active pores ranging between 15 and 50 wt % of carbon conversion.
These results suggest that air gasification is greatly affected by pore size distribution of the anode. To reduce air reactivity of anode, it would be preferable that the volume fraction of the pores in the range of 0.1-40.0 µm be reduced, possibly by adjusting the anode manufacturing steps. In this regard, a number of valuable data are available in the literature. Tkac [24] manufactured lots of anode samples with different manufacturing parameters (pitch content, mixing, baking, etc.) and assessed the final quality of the baked anodes. Using the Pareto diagram, a statistical method to determine the relationship between the process and the anode's properties, Tkac proposed the essential process parameters, controlling the pore size distribution in baked anodes. According to these data, the time of vibro compaction and pitch content are the most important parameters to limit the pores inferior at 40 µm. In addition, Buzunov et al. [51] reported that heating rate during coke calcination process determines pore size distribution in a calcined coke, which may in turn affect pore size distribution of the anode. Having said that, this suggestion is only based on the air reactivity tests as performed in this study. Considering a number of other phenomena being involved in anode overconsumption, e.g., CO 2 gasification or electrochemical reaction with cryolite, more investigations are required to address this issue properly. For instance, the critical pore size for CO 2 reactivity was found to be superior at 40 µm [40] , which is quite different from that for air reactivity. In addition, the electrochemical reaction of cryolite with anode and its penetration into the anode pores at the carbon/cryolite interface could, to a great extent, be affected by bath surface tension and anode pore size distribution.
Conclusions
In the present study, anode particles were gasified under air at 525 • C in two different reactors (Thermo-Gravimetric Analyzer and Fixed Bed Reactor) and at up to six carbon conversion levels (0, 5, 15, 25, 35 and 50 wt %). The partially reacted particles were sieved (to remove the dust) and their structural properties such as the He-density, specific surface areas and pore volumes were characterized using different analytical methods. The variation of gasification percentages of the anode particles allows the evaluation of surface area and pore volume evolution for different carbon conversion ranges. Characterization of pore size variation in anode particles during gasification under air revealed that active pores are those with a size ranging between 0.1 and 40.0 µm. The important contribution of this pore size to air gasification of the anode could be attributed to both high specific surface area and large pore volume resulting in lower mass transport limitation.
If one considers only the air reactivity of anode, it seems that the reduction of pores in the range of 0.1-40.0 µm is an adequate approach to reduce the carbon overconsumption. However, a number of other parameters, e.g., CO 2 reactivity, bath penetration in anode porosity, etc., should also be considered to propose an optimum microstructure for anode. Considering the critical pore size for CO 2 reactivity (superior to 40 µm), as reported in the literature, and the results obtained in this work for air reactivity, one may conclude that the pores larger than 0.1 µm should be avoided in an anode, despite the great portion of the anode-specific surface area being originated from the pores smaller than 0.1 µm.
